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Abstract 

Electron transport system activity (ETS) and respiration rates (R) of the zebra mussel, Dreissena polymm]Jiw, 
were determined monthly from April to November over 2 years at two sites in Saginaw Bay, Lake Huron. The 
sites were located in the inner and outer bay and contrasted in food quantity and quality. RTS ranged from 2 to 
40 11g 02 mg ow-1 h- 1 over the study period. Both ETS and respiration were strongly related to temperature, and 
maximum values were found between June and August. ETS also peaked in June/July when a~"ays were conducted 
at a constant temperature (25 °C), indicating other factors besides temperature affected metabolic activity. R:ETS 
ratios decreased with increased temperature at the inner bay site, but trends were minimal at the outer bay site. In 
late summer, blooms of the cyanophyte Microcysris occurred in the inner bay, likely depressing filtration rates, and 
leading to lower respiration rates relative to ETS. ETS activity was consistently higher in the outer bay and was 
likely a result of higher food quality. Despite these ~patial differences, annual mean R:ETS ratios varied only from 
0.04 to 0.09 at the two sites O\'er the 2-year period. Based on these values, ETS may be useful as ru1 indicator of 
long-term metabolic activity in annual energy budgets of D. polymorpha. However, food conditions differentially 
affect respiration relative to ETS, and variability in this ratio must be considered when interested in shorter time 
scales. 

Introduction 

The introduction and rapid expansion of Dreissena 
po/ym01pha (zebra mussel) in North America hac; led 
to broad ecological change!. in many lake and river 
systems (Macisaac, 1996; Strayer et al., 1999; Nalepa 
et al. , 1999). With high filtering rates and often great 
abundances. D. polymorpha populations alter normal 
energy flow patterns and cause cascading changes 
throughout the aquatic food web. In tum. the popu
lation responds to created change!> until the population 
is at equilibrium with the surrounding environment. To 
this extent, understanding populution dynamics relat
ive to environmental variables is critical to predicting 
eventual population size. Population energy budgets 

are usefu l in this regard since the energy used for 
population growth can be defined relative to energy 
needed for population maintenance (Schneider. 1992; 
Stoeckman & Garton. 1997). Components of an en
ergy budget for D. polymorplw such as consumption, 
somatic growth, fecundity and metabolic costs (respir
ation, excretion) have been examined under different 
environmental regimes (mostly food and temperature) 
in both the field and laboratory (Walz, 1978a, b, e; 
Sprung. 1995a, b. c). 

Of the variou-; budget components, respiration is 
often the dominant consumptive pathway of inges
ted organic muterial. For instuncc, an energy budget 
for D. polymorpha in western Lake Erie indicated 
that respiration alone accounted for 88% of caloric 
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intake (Stoeckman & Garton. 1997). Despite its im
portance. however, respiration rates are generally 
determined in the laboratory where unnatural condi 
tions and short-term stress can lead to inaccurate rate 
measure'> (for summary ~ee Cammen et al.. 1990). 
While -;uch laboratory-collected data may be use
ful for determining relative rc~ponse to manipulated 
environmental variables, or for assessing comparat
ive metabolic physiology. results may be limited in 
scope and unrealistic when applied to assessments of 
population energetics under field conditions. 

In thi" paper. we examine the use of the elec
tron tram.port \}'stem activity (LTS) to estimate in situ 
metabolic rates of D. polymorpha in Saginaw Bay. 
Lake Huron. Our purposes were to document relat
ive ETS activity and respiration rates under natural 
conditions. and to examine environmental factors that 
may affect this relationship over a seasonal period. By 
definition. ETS consists of a complex chain of mac 
roenl) me" (cytochromes. ftavoproteins, metalic ion~) 
in cell mitochondria that tran<oport electrons from cata
boli7ed food materials to oxygen. Since the synthesis 
and degradation of these macroenzymes is a function 
of the respiratory requirement<; of the organism. meas
urement of cnqme activity provides a time averaged 
value of the ma'<imum oxygen uptake rate potential. 
Since an organism's ETS activity requires several day~ 
to weeks to adjust to change~ in environmental con
ditions. it is less subject to experimental artifacts and 
short-term nuctuations when compared to direct meas
urements of respiration (Bamstedt. 1980: Cammen et 
al.. 1990). 

The assa} for ETS acti.,it} estimates the potential 
re<~piratOI") capacity of the organism by measuring the 
enzymatic activity of the rate limiting step in oxygen 
utilization for adenosine triphosphate (ATP) produc
tion. For ETS. this step is the oxidation of the coen
zyme UQ-cytochrome b complex (Broberg. 1985). 
The assay ha<., been widely used to measure the oxygen 
consumption potential of seawater. <;ediments. ph) to
plankton and zooplankton (Pad.ard, 1971; Packard et 
a!.. I 971: Jones & Simon. 1979). While Cammen et 
al. ( 1990) used ETS to examine metabolic activity 
in several marine species or benthic macroinverteb
rates. the technique has not yet been generally applied 
to freshwater benthic forms. Recently. Madon et al. 
( 1998) conducted laboratory '>tudies to evaluate factors 
affecting ETS and respiration rates in D. polymoTJ7lw. 
The relationship between ETS activity and respira
tion was unaffected by mussel size and food ration, 

which prompted the authors to suggest that ETS may 
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polymorplw '"" t·ollcctcd for dctennination of ETS actl\il) and 
rc>piration rdl~., in 1995 and 1996. 

be a reliable predictor of D. polymorpha respiration 
under natural conditions. We further examine the use 
of ETS to C\timate the metabolic activity in D. poly
morpha by comparing ETS and respiration rates over 
two seasonal periods at two '>ite~ of varying trophic 
status. 

Materials and methods 

Description of swdy sire 

This study was conducted in Saginaw Bay, which 
is a shallow, well-mixed extension of the western 
shoreline of Lake Huron (Fig. I). Based on differences 
in physical and chemical features (Beeton et al., 1967; 
Smith ct al.. 1977: Johengcn ct al.. 1995). the bay 
can be di\ 1dcd into an inner and omer region b) a 
line extending along its naJTOWe'>t width from Sand 
Point to Point Lookout (Fig. I). The inner bay has 
a mean depth of 5 m, is nutrient-rich, and is heavily 
influenced by inputs from the Saginaw River. Prior to 
heavy infestation by D. polymmplw in 1991 (Nalepa et 
a!.. 1995). the inner bay had some of the highest recor
ded standing stocks of phytoplankton and producti,ity 
in the Great Lakes (Vollenweider ct al.. 1974). The 
outer bay has a mean depth or 13.7 m, and is more 
influenced by the colder, nutrient-poor waters of Lake 

Huron. We collected samples at two sites, one in the 

.. 



inner bay. and one in the outer bay (Fig. I). The inner 
bay si1e is Station 5. and the outer bay site is Station 
19. as de~ignated in previous papers (Fahncnstiel ct 
al.. 1995; Johengen et al.. 1995). Water depths were 
3 m and 3. 7 mat the two :-ites. respectiYel). 

Field and laboratory pmcedures 

D. polymmpha was collected from the two sites on a 
monthly ba~is from April through November in 1995 
and 1996. Because of poor weather conditions. both 
site~ were not alway:, sampled each month. Rocks 
with attached mussels were hand collected by divers, 
placed in coolers and covered with damp paper towels 
for transport back to the laboratory. Mussels 10-
20 mm in shell length from each site were promptly 
(within I day of collection) placed in liquid nitrogen 
and slored until ETS could be analyzed. For detenn
ination of respiration rates, mussels of similar size 
(I 0-20 mm) were placed into ambient water and kept 
at ambient temperatures for 12-16 h prior to rate meas
urements. During this acclimation period, the water 
was renewed such that particle concentrations did not 
decline below 50Sf of the concentration found un
der in sill/ conditions. In 1995. individual mussels 
were placed into each of six 60 rnl-BOD bottles and 
incubated at ambient temperature for 4-5 h. BOD 
bottles containing only site water were used for ini
tial oxygen concentrations and as controls. Initial and 
final oxygen concentrations were detennined using the 
micro-winl-..lcr method. After the experimental period, 
the animals were shucked and dry weights detennined 
by placing individuals into pre-weighed aluminum 
boats, dried at 60 °C for 48 h, and weighed on a 
Cahn electro balance (-± 0.0 I mg). In 1996, three 
mussels were placed into each of nine replicate BOD 
bottles for determination of respiration rates. After the 
experimental period, the animals were shucked, and 
weights determined. The wet tissue was then stored 
in liquid nitrogen until ETS analysis. Thus, in 1995 
ETS activity and re-.piration rates were determined on 
separate mussels collected on the same date. whereas 
in 1996 ETS and respiration were measured on the 
same individuals. The shell length of each animal col
lected in 1995 and 1996 was measured to the nearest 
0.5 mm u-.ing a calibrated micrometer. Dry weights 
of mussel~ collected in 1996 were detem1ined from 
length-weight relationships derived from mussels col
lected at 1he same site on the same sampling date 
(Nalepa. unpublished data). 
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ETS activity wa!. determined following the method 
of Owens & King ( 1975). where TNT-Tetrazolium is 
reduced to the optically active INT-Fonnazan when 
substilutcd for oxygen a:- the tem1inal electron ac
ceptor. All reagent-. were fresh!) made within 2-l h 
of each assay and kept refrigerated until used. Also. 
all tic;sues and reagents were kept on ice. and all as
say procedures were carried out in an icc bath. Tissue 
samples were removed from liquid nitrogen storage. 
placed in ETS-B solution (75 mg mg$04, 1.5 mg 
ml - 1 polyvinylpyrrolidone. and 0.2% (v:v) Triton X
I 00 in 0.1 m phosphate buffer. pH 8.5), and ground 
in a tenon-glass tissue grinder for three 20 s inter
vals. The volume of the homogenate was recorded, 
and triplicate 3 ml subsamples were each placed in 
centrifuge tubes and centrifuged at I 0 000 g for 20 
min. One ml of supernatant was then pi petted off each 
centrifuge tube into a culture tube to which 3 ml sub
strate solution ( 1.2 mg ml- 1 NADH, 0.2 mg ml- 1 

NADPH in ETS-B solution) and 1 ml INT solution 
(2 mg ml 1 INT-Tetrazolium in double distilled water, 
pH 8.5) was added. For the mussel samples that were 
fr07en directly. assays were incubated at two different 
temperatures: ::%: I °C of ambient. and at a constant 
25 °C. The Iauer temperature is the approximate max
imum temperature at which oxygen uptake is directly 
related to temperature before declining with further 
temperature increases (McMahon. 1996), and is also 
the maximum in situ water temperature recorded in 
the bay (Table I). Mussels from the respiration rate 
determinations in 1996 were only assayed at the am
bient temperature on each sampling date. After a 20 
min incubation period, the reaction was stopped with I 
ml quench solution (50% formalin, 50% 1 m H3P04). 
The absorbance of each sample was then measured 
spectrophotometricaUy at 490 nm. The absorbance 
value was corrected by a turbidity blank, which con
sisted of 4 ml F.TS-B and I ml quench. ETS was then 
calculated by the following equation: 

ETSJtg02 mgDW 1 hr- 1 =(A / 15.9)x (I) 

(60/ I) X ((V x H) / (S x M)) x (32/ 2). 

where A i'> the corrected sample absorbance (em 1 ). 

15.9 is the molar absorbance for INT-fonnuan (JlmOl 
ml 1 em 1 ). I i'> the incubation time (minutes). V is 
the final reaction volume (ml). H is the total homo
genate volume (ml). S is the incubated volume (ml), 
M is the sample site (mg DW). 32/2 is the conversion 
of Jlmol INT-formaatn to Jlg 02. 
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Tt1hlt· I. Tcmpcr;uurc. particulate organic carbon rPOCJ. and 
chlomph) II tCHLl at the inner bay and outer bay ~ites on 
-.unplin~ dates 111 1995 and 1996. Date> ~ith an asteri;l arc 
the dates 10 \\ h1ch GTS and respiration mtes were measured. 
Values fur other dates (without an asterisk) are taken from 
a scpar.uc monitonng program and included here to better 
chamcteritc the two sites 

Sampling date Temperature POC CHL 
(Cl (mgl ') (MI- 1J 

Inner Outer Inner Outer Inner Outer 

'::!-1 Apr 95 7.0 7.0 0.71 0.-1-1 2.68 1.15 
2 May 95 8.5 6.5 0.75 0.16 3.68 0.78 

17 May 95 16.0 13.5 0.32 0.15 0.57 0.33 

25 May Y5 16.0 12.0 0.37 0.22 0.6 1 0.6 

12 June 95 19.0 16.0 0.35 0.30 0.84 1.59 

•19Jun95 20.0 20.0 0.44 0.24 1.69 0.43 
•12Ju1Y5 24.0 24.0 2.79 1.41 16.10 7.85 

17 Jul95 24.0 20.0 2 82 1. 14 13.01 5.50 

~ 15Aug95 25.0 25.0 3.09 2.4 9.01 9.42 

:!I Au!!- 95 2-1.0 23.0 2.91 0.62 7.64 2.25 

12 Scp 95 18.5 2.07 1.70 3.7-1 6.18 

* 1!!.~6 Scp 95 17.0 15.0 3.0 0.95 6.28 6.91 

25 Oct95 10.0 9.0 1.96 0.52 13.92 1.91 

•ox Kov 95 5.0 1.58 8.26 

-1 \1a) 96 5 0.32 0.1-1 0.76 0.29 

*15. 17 \Ia) 96 9.0 8 0.15 0.21 1.36 0.53 

2S ~Ia) 96 14.0 13 0.23 0.10 0.80 0.12 

II Jun 96 17 15 0.28 0.!6 0.85 1.03 

*12Jun96 17 18 0.26 0.25 0.71 0.89 

27 Jun 96 23 I !!.5 0.25 0.41 0.45 1.95 

15 Jul 96 22.5 19.5 0.44 0.35 1.85 2.26 

*::!5 Jul 96 22 19 0.5 0.52 3.-19 2.15 

21 Au~ 96 25 23 2.7!! 1.73 16.79 9.73 

29.30 Aug 96 2 1 21 2.24 1.73 13.45 2.26 

20 Scp 96 18.2 I!! 1.77 0.16 7.68 0.25 

25 Scp 96 16 16 1.77 16.79 

13 Nov 96 6 7.68 

Ac., noted, ETS activity and respiration rates were 
delermined on musseb 10-20 mm in shell length. 
Mean( ± SE) shell lengths (mm) of mussels used for 
delcrmination of respiration rates and ETS were: 1995 
rc..,piration:::; 14.8:2:0.4 and 15.2±0.6 for the inner and 
outer ba). re.,pecti,ely: 1995 ETS = 14.3=0.3 and 
14.5±0.3: 1996 rc.,piration and ETS = 13.2±0.6 and 
14.6±0.8. 

Water was collected at I m below the surface at 
each ~ite for determination of temperature, particulate 
organic carbon (POC). and chlorophyll (CHL) on each 

date mussel-, were collected. Additional data on tem
perature, POC and CHL. collected on other dates as 
pari of a '>Cparate monitoring program. were also used 
to funher characteriLe the two sites (Nalepa. unpub
lished data). POC was measured using a Perkin Elmer 
(model 2400) CHN elemental analyzer. and CHL was 
measured using the methods of Strickland & Parsons 
( 1972). Further detaib of analytical methods are given 
in Nalepa e1 at. ( 1996). 

Results 

Site clwmcteristics 

Water 1emperature. POC and CHL at the lwo sites on 
each sampling date as well as additional data from 
a separate monitoring program are given in Table I . 
Mean tcmpcralUre was higher in the inner bay than the 
ouler bay: in 1995 mean temperatures were 17.5 and 
15.9°C, rcspeclively (paired t-test, P < 0.005), and in 
1996 mean 1emperatures were 18.6 and 17 .2°C (paired 
t-test, P < 0.05). Mean POC at the inner and outer bay 
sites in 1995 wa\ 1.66 and 0. 78 mg 1-1, respectively 
(paired t-test, P < 0.005) and in 1996 was 0.8-t and 
0.52 mg 1- 1• re<,pectively (paired t-test. P = 0.09): 
mean chlorophyll in 1995 was 6.13 and 3.45 mg 1 1 

(paired t-tc\1. P < 0.05). and in 1996 was 4.38 and 
1.95 mg I 1 (paired /-test, P = 0.08). Greatest differ
ences between the two sites occurred in late summer 
of both year-; when large blooms of the cyanophyte 
Microcysti.l occurred in the inner bay, but occurred 
to a much lesser extent in the outer bay (Vander
ploeg. NOAA Great Lakes Environmental Research 
Lab, unpublished data). Water columns at both sites 
arc well-mixed, and oxygen concentrations are near 
saturation lhroughoutthc year (Nalepa et al., 1996). 

Densities of D. polymorpha were 17 776 m-2 in 
1995 and 19 349m 2 in 1996 at the outer bay site, and 
I 018 m 2 in 1995 and 3067 m-2 in 1996 at the inner 
bay site (Nalepa, unpublished data). The difference in 
density between lhe sites can be attributed to differ
ence., in the amount of hard substrate. The substrate at 
1hc ou1er bay site consisted mostly of slabs of bedrock 
and large cobble, while !he substrate at the inner bay 
site com.isted of ::.ome cobble scattered on sand. 

ETS Actil•ity 

At ambient 1emperatures. ETS activity ranged from 
2 -W /tg 0 2 mg DW 1 h 1 over the 2-year period. 
Values at the two '>ites increased with temperature to 
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Figure 2. Mean (± SE) ETS activity in D. polymo1pha from 
Saginaw Bay at ambient assay temperatures, 1995 and J 996. Inner 
bay: open circles. outer bay: solid squares. 

maximum values between early June and August, and 
then declined in the fal l of both years (Fig. 2). Dur
ing the summer, ETS activity tended to be higher at 
the outer bay site, although there was no significant 
difference between the sites when all sampling dates 
were considered; inner and outer bay means were 19.2 
and 21.2 J.J-g 02 mg ow- 1 h-1 (P = 0.06; paired 
t-test). For all sampling elates, there was a strong, dir
ect relationship between ETS activity and temperature 
(T) at both of the sites (Fig. 3). Linear regression 
equations were: ETS = 1.457*T- 4.329 (,2=0.76) 
at the inner bay site, and ETS = 1.25hT + 2.544 
(t2 = 0.72) at the outer bay site. Based on ANCOVA, 
slopes were similar (P = 0.31) but intercepts were sig
nificantly different (P < 0.04), indicating that ETS 
response to temperature was similar at the two sites 
but, for a given temperature, ETS was higher at the 
outer bay site. Based on these regressions, the Qw 
(I 0-20 °C) was 2.4 and 1.8 at the inner and outer bay 
sites, respectively. 

In addition to conducting assays at ambient tem
peratures, we also conducted assays at a constant 
temperature (25 °C) on each sampling date. By keep
ing temperature constant, these assays determined if 
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Figure 3. Relationship between ETS (!lg 02 mg DW -I h- 1) 

and temperature (T. °C) for all sampling dates in 1995 and 1996. 
Inner bay regression: ETS = 1.457 (7) - 4.329 (r2= 0.76, P < 
0.00 I); outer bay regression: ETS = 1.257 (7) + 2.554 (r2 = 0.72. 
P < 0.00 I). Intercepts were significantly different, but slopes were 
simi lar (p = 0.3 1). Inner bay: open circles. outer bay: solid s4uares. 

other variables besides temperature were contributing 
to seasonal changes in ETS activity. Although changes 
were not as pronounced as found for assays at ambi
ent temperatures, there was a seasonal pattern in both 
years, with highest values occurring in June and July 
(Fig. 4). Also, there was a more consistent difference 
in ETS activity between the two sites. These ETS 
values were significantly higher at the outer bay site 
compared to the inner bay site over the 2-year period 
(paired t-test; P = 0.0 I ). ETS was higher at the outer 
bay site on 9 of the 11 sampling dates when both sites 
were sampled. 

Respiration rates varied from 0.2 to 1.7 J.J..g 02 mg 
ow-t h- I over the 2-year period (Fig. 5). At the 
outer bay s.ite, seasonal patterns in respiration rates 
were generally similar to those found for ETS; that 
is, rates increased to maximums in summer and then 
declined through the fall. Rates at the inner bay site, 
however, were more inconsistent. Rates increased to 
a maximum in late spring, declined in mid summer, 
increased somewhat in late summer, and then declined 
through fall. As found for ETS activity, respiration 
rates (R) increased with temperature at both sites 
(Fig. 6), however, the relationship was much more 
variable at the inner bay site. The relationships were: 
R = 0.056*T +0.284 (,2 = 0.27) at the inner bay site. 
and R = 0.078*T - 0.215 (12 = 0.88) at the outer bay 
site. The two regressions were not significantly differ
ent (ANCOVA; P > 0.05). Qw (10-20 oq values for 
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Figure 4. Mean (± SE) ETS activity in D. polymorpha from 
Saginaw Bay at a constant assay temperature of 25 °C on each 
sampling date. 1995 and 1996. Inner bay: open circles. outer bay: 
solid 'quares. 

respiration were 1.7 and 2.4 at the inner and outer bay 
sites, respectively. 

Since ETS measures potential metabolic activ
ity and respiration measures actual activity, the ratio 
(R:ETS) provides an indication of the proportion of 
the enzymatic system that .is actually utilit:ed, and 
the variability of this ratio defines the utility of ETS 
in estimating actual metabolic activity. Despite fewer 
values in 1995 compared to 1996, yearly patterns were 
the same for the two sites. In both years, there was a 
direct correlation between respiration and ETS activity 
(Fig. 7), however, the ratio was more variable at the 
inner bay site. Correlation coefficients between ETS 
and respiration in 1995 and 1996 were 0.38 and 0.54 
at the inner bay site, and 0.99 and 0.86 at the outer bay 
site. The greater variability in the ratio at the .inner bay 
site can be attributed to wide fluctuations in respiration 
rates relative to ETS over a seasonal period (compare 
Figs 3 and 6), Mean monthly ratios ranged between 
0.02 and 0.22, and annual means ranged between 

1995 
'..:: 3.0r-----------------, 30 

~ 2.5 
0 

~ 2.0 
8 
3 1.5 
c 
.9 
~ 1.0 

~ 
&. 0.5 

0.0 Apr May June July Aug 

1996 

25 

20 

- 15 

10 

··· .. 5 
·· ..... 

Sept Oct Nov 0 

3.~-------------------------. 30 

_'..:: 2. 
~ 
';2 
E 

81. -
~ 
g 1. 

~ 
·~o.5 
"' a: 

O.O Apr May 

25 

20 

15 

10 

5 

June July Aug Sept Oct Nov 0 

-; 
<I> 
3 
'0 
(!) 

~ c 
$ 

0 
0 

-; 
<I> 
3 
'0 
<I> 
~ c 
(i1 

0 
0 

Figure 5. Mean ( ± SE) respiration rates in D. polymorpha form 
Saginaw Bay, 1995 and 1996. Inner bay: open circles, outer bay: 
wlid squares. 

0.04 and 0.09 at both sites. Ratios were significantly 
higher at the .inner bay site in 1996 (P < 0.05), but 
the difference was not significant in 1995. The linear 
regressions of the ratios at the two sites were signific
antly different from each other (ANCOVA: intercept, 
P < 0.001; slope, P < 0.001); ratios decreased with 
temperature at the inner bay site, but increased only 
slightly with temperature at the outer bay site (Fig. 8). 

Discussion 

Since ETS integrates metabolic activity over a several 
week period prior to the actual measurement, and is 
less subject to short-term fluctuations during the meas
urement process, it has been suggested that ETS is a 
more useful indicator of in situ metabolism than res
piration rates in benthic macroinvertebrates (Cammen 
et al., 1990). Yet, because ETS measures metabolic 
activity as potential oxygen consumption, while res
piration rates measure actual consumption, the rela
tionship between these two variables, and factors that 
affect this relationship, must be clearly understood be
fore ETS can be widely applied when defining energy 
budgets for a specific population. 



30 

'"= 2.5 

~ 
0 

2.0 OJ 
E 
"' 0 
CJ) 1 5 .2; 
c: 
.Q 

~ 1.0 ·a. 
VI 
Q) 

a: ·{ 
0.0 

5 

0 

0 
0 

0 

0 

0 

0 

Inner Bay 0 q ..... 

.t~-----~·······~---·············:··· 
8 
0 

0 0 

10 15 

Temperature (
0
C) 

0 

0 

0 

i 
~~·~··· . 

0 

0 

8 

20 

0 

• 

0 

25 

Figure 6. Relationship between respiration rates (R, 11g 02 mg 
ow-1 h- 1) and temperature (T, cc) for all ~ampling dates in 1995 
and 1996. Inner bay regression: R = 0.056 (T) + 0.28-f c,-2 = 0.27. 
P < 0.001): outer ba) regression: R = 0.078 en- 0.~15 c,-2 = 0.88. 
P < 0.001 ). Intercepts and \lope' \\Cn! not ~ignificantly diO.crent 
(P > 0.10). Inner bay: open circles. outer bay: solid square,. 
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Figure 7. Rclation,hip bemeen rc'piration rates CR) and ETS 
(R/ETS ra11o) in D. polymorplw. 1995 and 1996. Inner bay: upper 
row, outer bay: lower row. 

Over the 2-year sampling period, we found that 
both ETS activity and respiration rates were signific
antly related to temperature at both sampling sites. 
While the response of ETS activity to seasonal tem
perature changes has not been previously examined 
in D. pofy111orpha, our finding of a seasonal cor
relation between oxygen consumption and temperat
ure compares to similar findings by Quigley et al. 
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Figure 8. Relat ionship between respiration rates (R) and ETS 
(R/ETS ratio) and temperature cr. °C) for al l sa111pling dares in 1 9~5 

and 1996. Inner hay regression: R/ETS = -0.004 (T) + 0.134 (r= 
0.26. P < 0.00 I): outer bay regre,siun: R/ETS = 0.00 I (T) + 0.021 
(12 = O . .f9, P < 0.001 ). lntereeph and ,Jopes were significant I) 
different (AI\COVA: P < 0.001 ). lnn<!r bay: open circles. outer ba). 
'olid 'quare,. 

(1993) and Sprung (1995c), and is consistent with 
laboratory studies (Woynarovich, 1961 ). On the other 
hand, Stocckmann & Garton ( 1997) found that oxy
gen consumption and temperature were not related on 
a seasonal ba<,is. These authors attributed the lack of 
correlation to an ability of D. polymo1pha to adjust 
metabolic activity within normal summer temperature 
patterns, but such an acclimation pattern was not ap
parent in our data. Q10 values (10-20 °C) for both 
ETS and re~piration ranged from 1.6 to 2.5 and were 
within the range of values reported for D. polym01pha 
by others (for summary see McMahon. 1996). 

Based on our derived seasonal relationships, the 
effect of temperature change was greater for ETS than 
for respiration. therefore the R:ETS ratio also varied 
with temperature at both sites. A ~>imilar temperature
dependence of the R:ETS ratio has been found in 
lake planlton (Del Giorgio, 1992) and in individual 
zooplankton (James, 1987). HoweYer, the response 
of ETS and respiration to temperature changes was 
different for the two sites, and thus the ratios were 
site specific. The ratio decreased with increased tem
perature at the inner bay site, and increased slightly 
with temperature at the outer bay site. The reason for 
this varying response relative to temperature is not 
clear. but we suggest that differences in food qual
ity played a role. fn late summer 1995 and 1996 
when temperatures were at a maximum, a bloom of 
the toxic cyanophyte Miaocystis occurred in the in
ner bay. Although some Microcystis was also found 
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in the outer bay, amounts were far Jess than in the 
inner bay (Vanderploeg et al., 1999). D. polym01pha 
responds to Microcyslis by decreasing filtration rates, 
and/or rejecting Microcystis as pseudo feces (Gardner 
et a!., 1995; Lavrentyev et a!., 1995; Vanderploeg et 
a!., 1999). Oxygen consumption is directly linked to 
filtration rates in bivalves (Bayne & Newell, J 983), 
and the likely overall impact of the bloom would be 
a decline in oxygen consumption by D. polymorpha. 
Cammen et a!. ( 1990) found that, when exposed to 
poor food conditions, several macrobenthic species 
had reduced respiration rates relative to ETS, leading 
to lower I?:ETS ratios. Moreover, changes in oxygen 
consumption relative to food conditions in D. poly
motpha arc most pronounced at higher temperatures 
(Alexander, 1994). In the outer bay, an increase in 
respiration relative to ETS may be expected at higher 
summer temperatures as short-term demands for oxy
gen must meet increased metabolic costs at a given 
food level. 

The influence of other factors on ETS activity 
besides temperature was apparent when assays were 
conducted at a constant temperature; ETS increased 
to a maximum in late spring and then declined. In 
late spring, filtration rates of D. po/ymotpha were at 
a seasonal maximum in both the inner and outer bay 
(Fanslow et a!., 1995). Also, gonad volume was at 
a peak in the late spring period prior to spawning 
(Nalepa, unpublished data), and reproductive activ
ity can increase oxygen consumption (Lyashenko & 
Karchenko, 1989; Sprung, 1995c ). Stoeckman & Gar
ton (1997) reported that the greatest fluctuations in 
metabolic costs occurred in May and June when Lake 
Erie mussels were actively undergoing gametogenesis. 

ETS activity was generally higher in mussels from 
the outer bay, but consistent differences in respiration 
rates between the two sites were not apparent. As a 
result, I?:ETS ratios were lower in the outer bay on 
most sampling dates. Because of lower seston concen
trations, filtration rates of D. polymotpha were higher 
in the outer bay compared to the inner bay (Fanslow 
et a!. , 1995), and likely accounts for the higher ETS 
activity. Since ETS and respiration rates should the
oretically adjust over time such that the ratio would 
be similar at both sites, the question arises as to why 
respiration rates were not higher relative to ETS in 
the outer bay or, conversely, why respiration rates 
were not lower in the inner bay. Respiration rates were 
highly variable in the inner bay; mean coefficients of 
variation for the R:ETS ratio, as calculated in 1996 

(both Rand ETS were measured on the same animals) 

was 53.4% in the inner bay, but only 29.6% in the outer 
bay. In the inner bay, rates measured on similar-sized 
animals collected on the same date varied as much as 
6-fold. Seston concentrations were higher in the inner 
bay but, because of inorganic inputs from the river 
and the presence of the cyanophyte Microcystis (Jo
hengen et a!., 1995; Vanderploeg et a!., 1999), food 
quality was lower. We suspect that short-term respirat
ory response to changing food quality in the inner bay 
may have led to inconsistent and elevated respiration 
rates relative to ETS. Physiological costs of feeding 
on low quality food, such as increased pseudofeces 
production, and diminished digestion and food ab
sorption efficiency, can lead to variations in oxygen 
consumption (Widdows & Hawkins, 1989). 

Our results indicate that ETS activity provided a 
less variable measure of metabolic activity than res
piration rates in D. polymorpha over a seasonal period. 
Yet the consistency of the relationship between respir
ation and ETS is critical ifETS activity is to be used in 
integrated, long-term energy budgets for this species. 
Even though the R:ETS ratio was significantly differ
ent at our two sampling sites in 1996 but not in 1995, 
the mean annual R:ETS ratio varied from only 0.04 
to 0.09 over the 2 years. This range compares quite 
favourably to the 0.06- 0.08 reported by Madon et al. 
( 1998) for D. polymorpha of various sizes (5-30 mm), 
and exposed to different concentrations of food in a 
laboratory setting. In comparison to other organisms, 
these ratios are similar to those found for the marine 
polychaete Nereis (0.09), but lower than found for a 
freshwater amphipod Corophiwn (0.42), or marine zo
oplankton (0.49) (King & Packard, 1975; Cammen et 
a!., 1990). Differences between specific invertebrate 
groups are most readily explained by adult body size 
and mode of life; that is, large organisms with a sedi
mentary life habit tend to have lower ratios than more 
active, smaller forms (Cammen et al., 1990). With a 
comparatively large body mass and attached I ife mode, 
the low ratio found for D. polymorpha may be ex
pected. In organisms with low ratios, the capacity for 
elevated metabolism is maintained, even though activ
ity is limited. Filtration rates in D. polymorpha can 
vary widely on a monthly basis (Fanslow et al., 1995), 
and maintaining the enzyme 'machinery' for increased 
metabolic activity would be an advantage. Besides 
having comparable R:ETS ratios, total ETS activity 
was also similar for D. polymorpha and Nereis. ETS 
activity in Nereis was 10-13 t.-tg 0 2 mg nw- 1 h- 1 

over a seasonal period at a response temperature of 
l 0 oc (Cam men et al., 1990). From our derived 



relationships between ETS and temperature over a 
seasonal period, ETS in D. polyntot'lJha was 15.1 f-Lg 

02 mg DW 1 h 1 at the outer bay site and I 0.2 /-Lg 
02 mg ow-l h-I at the inner bay c,itc at a temperature 
of 10 °C. 

In summary, we found that ETS activity in D. 
polym01pha provided a less variable estimate of meta
bolic acti" ity than re~piration rate., over a broad range 
of food and temperature condition~. Spatial differ
ences in ETS activity and R:ETS ratios can best be 
explained by differences in filtration rates and other 
metabolic processes affected by food quantity and 
quality. While ratios were site specific, the range in 
mean annual ratios was minimal. Subsequently, the 
measurement of ETS may prove useful in estimating 
oxygen consumption for broad-based bioenergetics 
models (Madenjian. 1995) or assessments of oxy
gen depletion in specific systems (Effler & Siegfried, 
1994). 
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